Molecular expression on the vascular endothelium is critical in regulating the interaction of circulating cells with the blood vessel wall. Leukocytes as well as circulating cancer cells gain entry into tissue by interacting with adhesion molecules on the endothelial cells (EC). Molecular targets on the EC are increasingly being explored for tissue-specific delivery of therapeutic and imaging agents. Here we use in vivo immunofluorescence microscopy to visualize the endothelial molecular expression in the vasculature of live animals. High-resolution images are obtained by optical sectioning through the intact skin using in vivo confocal and multiphoton microscopy after in situ labeling of EC surface markers with fluorescent antibodies. Other vascular beds such as the bone marrow and ocular blood vessels can be imaged with little or no tissue manipulation. Live imaging is particularly useful for following the dynamic expression of inducible molecules such as E-selectin during an inflammatory response. Mol Imaging (2006 ) 5, 31 -40.
Introduction
The vascular endothelium is a single cell lining of blood vessels that is intimately involved in the regulation of cellular and molecular transport between blood and tissue compartments. As such, it plays an active role in such diverse processes as cell migration during development [1, 2] , inflammation [3] , leukocyte homing [4] , and metastasis [5] . These processes are governed by the endothelial cells (EC) through the expression of chemokines and adhesion molecules on the cell surfaces. Among the adhesion molecules contributing to these functions are the integrins, the immunoglobulin superfamily, and the selectins [6] . Leukocyte migration to sites of tissue injury or inflammation, for example, begins with selectinmediated tethering and rolling along the vascular wall [7 -10] followed by integrin-mediated adhesion and platelet endothelial cell adhesion molecule (PECAM-1)mediated transmigration [11 -13] . Vascular adhesion markers are often upregulated in disease and can contribute to the disease process [14, 15] . Therapeutic measures directed against adhesion molecules can attenuate dis-ease processes [16] , and expression of adhesion molecules can serve as treatment monitors. For these reasons, a realtime in vivo system that can detect adhesion molecules, monitor their expression, and enable biological processes to be followed within individual animals is desirable.
Detailed understanding of the mechanisms governing leukocyte recruitment has emerged with the aid of intravital microscopy [16] , a powerful method that enables real-time observation of leukocyte rolling, adhesion, and transendothelial migration in vivo [18 -25] as well as platelet interactions with the vasculature [26] .
One shortcoming of the standard intravital microscopy technique is the inability to visualize the participation of the EC in the leukocyte recruitment process. Here we describe the use of in vivo immunofluorescence microscopy for direct visualization of mouse vascular EC. Specifically, we image molecular expression on the vascular EC after intravenous introduction of fluorescent antibodies against EC surface markers. Binding of the antibodies over time is imaged noninvasively using in vivo confocal and multiphoton microscopy, which allows optical sectioning through the intact skin of live animals. This system is useful for studying individual cell populations in situ over time, which are involved in dynamic processes and identifiable by specific cell surface markers. Normal and disease processes can be followed over long periods in individual animals.
on Research Animal Care of the Institutional Animal Care and Use Committee. Young healthy female Balb/c mice were obtained from Charles River Laboratories ( Wilmington, MA). E-selectin knockout mice derived in a Balb/c background were the kind gift of Dr. David Milstone, Harvard Medical School. Anesthesia was accomplished by intramuscular injection of ketamine/ xylazine. Ocular imaging was done on young C57Bl6 mice from Charles River Laboratories.
Antibody Conjugations
Monoclonal antibodies (mAbs) directed against mouse PECAM-1 (FITC-conjugated and purified rat anti-mouse CD31-clone MEC 13.3), mouse E-selectin (rat anti-mouse CD62E-clone 10E9.6), P-selectin (rat anti-mouse CD62P-clone RB40.34), and vascular adhesion molecule (VCAM)-1 (rat anti-mouse CD106 clone 429[MVCAM.A]) antibodies were obtained from BD Biosciences/Pharmingen (San Diego, CA). Cy5.5 was obtained from Amersham Pharmacia (Piscataway, NJ), and IRDye 38 was the kind gift of Mr. Harry L. Osterman of LI-COR Corp (Lincoln, NE). Antibodies were conjugated to the respective dyes using the manufacturers' recommended protocols. Cy5.5 and IR38 dyes were conjugated to antibodies in ratios of two to four dye molecules per protein molecule. The quantum yield of Cy5.5 is greater than 0.28 for a conjugate with a dyeto-protein ratio of 2. The chemical structure of IRDye 38 is shown below in Figure 1 :
Confocal/Two-Photon Microscope
This system is built on a video-rate scanning laser confocal microscope platform previously developed in this laboratory for real-time noninvasive imaging of human skin [27, 28] , modified to include a femtosecond Ti:sapphire laser (Coherent Mira, Santa Clara, CA) for two-photon excitation of FITC-conjugated antibodies. The same Ti:sapphire laser, tuned to 760 nm, was used for onephoton excitation of IRDye 38. Antibodies conjugated to Cy5.5 were excited with either a helium-neon laser at 633 nm or a diode laser (Micro Laser Systems, Garden Grove, CA) at 656 nm. Two separate photomultiplier tubes (Hamamatsu, Bridgewater, NJ) are each optimized for one-photon detection (descanned channel with confocal aperture) and two-photon detection (nondescanned channel with no confocal aperture). The system operates at a user-selectable frame rate from 15 to 30 fps. High-resolution images with cellular details are obtained through the intact mouse skin at depths of up to 150 mm from the surface of the skin, using a 30Â 0.9NA (LOMO Optics, Prospect Heights, IL) or a 60X 1.2NA (Olympus, Melville, NY) water-immersion objective lens. This depth is sufficient for imaging most of the dermal vasculature.
In Vivo Imaging
Mice were anesthetized, and injected with fluorescently conjugated antibody via the tail vein using 30 G needles. Cy5.5 anti-E-selectin, Cy5.5 anti-P-selectin, and IRDye 38 anti-E-selectin were used at the concentration of 0.5 mg/kg (10-12 mg/mouse) and Cy5.5-conjugated VCAM-1 or FITCconjugated anti-PECAM was injected at 1.0 mg/kg (20-24 mg/mouse). All antibodies were diluted with Dulbecco's phosphate-buffered saline (DPBS, Mediatech, Inc., Herndon, VA) and injected in a 200-to 250-ml volume. Animals were placed on a warmed microscope stage or in a 50-ml conical tube (Falcon, Division of BD Biosciences, Bedford, MA) fitted with a heating coil.
Induced E-selectin Expression
Constitutive skin E-selectin expression was visualized by injection of Cy5.5-conjugated anti-mouse CD62E followed by IR38-conjugated anti-mouse CD62E 9 days later. At that time, E-selectin expression was induced by intraperitoneal injection of 50 mg E. coli lipopolysaccharide (LPS, Sigma, St. Louis, MO) in 50 ml saline.
To demonstrate E-selectin induction in conjunctiva, animals received Cy5.5-conjugated anti-E-selectin antibody and were imaged 24 hr later. The same mice then received systemic LPS together with intravenous IRDye 38-conjugated E-selectin. The effect of LPS on Eselectin expression in the conjunctiva was measured 24 hr later by in vivo confocal microscopy.
Ocular Imaging
Following anesthesia, the pupil was dilated with 1% tropicanide, and a coverslip was placed over the corneal surface moistened with the 2% methylcellulose. The retina was imaged using a 20Â 0.42NA longworking-distance objective lens (Mitutoyo, Aurora, IL). For choroidal and conjunctival images, a 10-O suture was placed at the temporal aspect of the limbus, and the temporal conjunctiva was gently released using micro- scissors. The eye was rotated nasally using the suture ends to expose the conjunctiva and choroid. The coverslip was placed on the exposed area with the aid of 2% methylcellulose, and the conjunctiva and choroid were visualized using in vivo confocal microscopy. To demonstrate the changes in VCAM-1 expression in the retinal vasculature, Cy5.5-conjugated anti-VCAM-1 antibody was injected intravenously into control and mice subjected to systemic LPS treatment 24 hours earlier.
Results

Optical Sectioning Minimizes Tissue Autofluorescence Background
In these studies we have used a custom-built confocal/two-photon microscope that is optimized for small animal imaging and for detecting the weak immunofluorescence signal in the presence of the stronger tissue autofluorescence background. For both one-photon and two-photon fluorescence excitation, the laser beam is focused to a small focal spot (~1 Â 1 Â 5 mm [27, 28] ) and raster scanned to obtain a two-dimensional image called an optical section. Images can be acquired at up to 30 frames per second (video rate), whereas successive optical sections can be obtained by focusing at different depths into tissue. For confocal microscopy, optical sectioning is achieved by placing a confocal pinhole in front of the detector to reject out of focus photons. The signal photons, coming from the in-focus plane in a raster-scanned fashion, need to be ''descanned'' in order to pass through the stationary confocal pinhole. In contrast, two-photon fluorescence is induced only at the focus of the mode-locked (femtosecond) laser pulses where sufficient intensity is reached for the nonlinear excitation. Optical sectioning is obtained automatically from the focal plane without the need for a confocal pinhole, hence without the need for descanning. A separate photomultiplier is used in the ''nondescanned'' position for detecting the two-photon fluorescence signal. We use a near-infrared laser source (Ti:sapphire laser running at 800 nm) to excite FITCconjugated antibodies (excitation maximum = 494 nm, emission maximum = 530 nm). As is well known, twophoton excitation at 800 nm allows deeper imaging into tissue compared to one-photon excitation of the same fluorophore at 488 nm. However, when we compare two-photon excitation of FITC and one-photon excitation of Cy5.5-conjugated antibodies (excited with a HeNe laser at 633 nm and detected at 694 nm), we obtained comparable tissue penetration depths ($150 mm in the mouse skin). Figure 2 shows different optical sections from the mouse skin, excited at 633 nm, with prominent autofluorescence features coming from the hair (Figure 2A ) and the epidermis ( Figure 2B ). Dermal vasculature, labeled with Cy5.5-conjugated antibody against the ubiquitous endothelial cell surface marker CD31 (PECAM-1), is detected in deeper optical sections, approximately 50-100 mm below the skin surface ( Figure 2C ). Autofluorescence from the hair follicles and the sebaceous glands can also be detected at these depths. With an injected dose of 0.5 -1 mg/g of body weight (10 -20 mg per mouse) the optimal time for imaging the endothelial labeling is typically 16-24 hr after antibody injection because the unbound mAb is mostly cleared from the circulation by this time ( Figure 2C) . The animal appears to tolerate this mAb concentration well with no obvious adverse effects. PECAM-1 endothelial labeling remains visible for 3-4 days after a single injection. Nonspecific isotype control IgG shows no detectable binding to the EC (figure not shown). Figure 3 shows the relative level of the labeled endothelial signal to the skin autofluorescence background for three different fluorophores with increasing wavelengths: FITC (excitation maximum = 494 nm, emission maximum = 530 nm, Figure 3A and B), Cy5.5 (excitation maximum = 678 nm, emission maximum = 694 nm, Figure 3C -E), and IR38 (excitation maximum = 778 nm, emission maximum = 806 nm, Figure 3F and G). As expected, the shortest wavelength channel has the highest autofluorescence background, which limits the detection sensitivity of the current method. The detection sensitivity can be determined by injecting successively lower doses of control IgG molecules into the circulation and measuring the signal-to-background ratio using fluorescence intensities in the plasma (signal) and in the extravascular tissue (background), respectively. With 3 mg of circulating antibody (0.15 mg/g of body weight) optimally labeled with Cy5.5 at a dye/protein ratio of 2 -4, we obtained a signal-to-background ratio of 2:1. Taking the total blood volume to be $2 mL per mouse, the minimum detectable antibody concentration can be estimated to be 10 nM. Assuming a voxel volume of $5 fL (1 Â 1 Â 5 mm), the minimum number of antibody molecules that can be detected in each voxel is 30.
Tissue Autofluorescence Background Decreases with Increasing Wavelength
Simultaneous Confocal Immunofluorescence Imaging Reveals Distinct Expression Patterns of PECAM-1, E-selectin, and P-selectin in Quiescent Skin
Coexpression of two or more endothelial cell markers can be visualized by labeling them with different The green channel shown in Figure 4A and D is obtained by two-photon excitation of FITC -anti-PECAM-1 mAb using a Ti:Al 2 O 3 laser at 800 nm, whereas the red channel ( Figure 4B , E) is obtained by one-photon excitation of Cy5.5-anti-E-selectin mAb using a HeNe laser at 633 nm. As seen in the image overlay ( Figure 4C ), E-selectin colocalizes with a subset of blood vessels that stain positive for PECAM-1. In addition, Figure 4D and E demonstrates that E-selectin mAb labels only small vessels, whereas PECAM-1 mAb is bound to those small vessels as well as larger ones. By observing real-time images acquired at video rate, we can identify the vessels that express E-selectin as postcapillary venules based on size and the direction and speed of flow of low-level, unbound fluorescent mAb in the blood stream. E-selectin is absent in the arterioles or the capillaries, as well as larger veins (>50 mm diameter), whereas PECAM-1 is expressed on all vessels. Although the PECAM-1 labeling slowly fades away in 3-4 days, vessels that stain positive for E-selectin retain their fluorescence for up to 2 weeks. We attribute the slow accumulation and persistent staining to internalization of the anti-E-selectin probe because it is known that endothelial E-selectin is internalized very efficiently into multivesicular bodies [29] [30] [31] . In contrast, PECAM-1 is poorly internalized [32] . Consistent with these observations, the E-selectin staining pattern on the vessel wall often has a discrete, granular appearance in contrast to the more uniform distribution of the PECAM-1 probe. The latter probably reflects extended retention of PECAM-1 on the cell surface.
In vivo double labeling of E-selectin and P-selectin reveals a distinct staining pattern for the two selectins (Figure 5 ), which has not been described previously. Whereas E-selectin expression is restricted to small (<50 mm) postcapillary venules ( Figure 5A, B) , P-selectin is expressed in both small (<50 mm) and larger (>50 mm) venules (Figure 5C, D) . P-selectin staining also shows a granular appearance, consistent with efficient endocytosis of P-selectin [33] to either Weibel-Palade bodies [29] or lysosomes.
E-selectin Knockout Mice Demonstrate Specificity of In Vivo Antibody Labeling
In order to verify that cutaneous E-selectin labeling in vivo reflects true constitutive expression of this adhesion molecule rather than nonspecific binding, the 10E9.6 monoclonal antibody (anti-CD62E) was tested against anti-CD62P antibody using E-selectin knockout mice. Labeling with Cy5.5 -anti-E-and P-selectins reveals that P-selectin is expressed in the venules of both the control ( Figure 6D ) and the E-selectin knockout mice ( Figure 6B) , whereas E-selectin is detected only in the vessels of wild-type mice ( Figure 6A vs. C). 
LPS Induces E-selectin Expression on Large Vessels in Skin
E-selectin is a well-known inducible marker of inflammation. To determine if we could detect differences in constitutive and induced E-selectin expression in vivo, we used anti-E-selectin antibody conjugated to two different fluorophores, Cy5.5 and IRDye38. The Cy5.5conjugated probe was first injected intravenously into a normal BALB/c mouse to measure baseline expression. Subsequently, 50 mg of LPS was administered intraperitoneally to induce systemic inflammation [33] , and the IRDye38-conjugated probe was injected intravenously to measure the expression during the inflammatory response. Images were taken 3 days following the second injection. Because the EC retain the E-selectin probes, both Cy5.5 and IRDye38 probes are visible at the time of imaging. As in earlier experiments, E-selectin was expressed constitutively in the postcapillary venules of the mouse ear as shown in the Cy5.5 channel ( Figure 7A ). The IRDye38 image ( Figure 7B ), however, shows that the LPS-induced E-selectin was found not only in the postcapillary venules, but over greater segments of the venous vasculature including larger veins (>50 mm).
Application of In Vivo Immunofluorescence Microscopy to Image EC Surface Marker Expression in Other Tissues
Tissues of the eye are susceptible to conditions that alter adhesion molecule expression, which can result in severe consequences. Adhesion molecules are upregulated in various ocular inflammatory and angiogenic conditions, such as diabetes and uveitis [14, 34] and agerelated macular degeneration [35] . For this reason, direct observation of adhesion molecule expression in the eyes of living organisms is desirable. We have previously demonstrated that in vivo immunofluorescence microscopy can be applied to vascular beds other than skin with little (e.g., bone marrow [36] ) manipulation. Here we show that visualization of various vascular beds in the murine eye is also possible with little or no manipulation (Figure 8 ). Using a coverslip placed on the corneal surface and a 20Â 0.42NA long-working-distance objective lens, PECAM-1 expression is demonstrated in all vascular compartments of the retina, including the capillaries ( Figure 8A) . Similarly, PECAM-1 expression is noted in the choroid of the eye (Figure 8B) , where upregulation of adhesion molecules has been seen in the context of age-related macular degeneration [35] .
To demonstrate changes in VCAM-1 expression in the retinal vasculature, anti-VCAM-1 antibody conjugated to Cy5.5 fluorophore was injected intravenously into the tail vein of mice 24 hr after systemic administration of LPS ( Figure 8D ) and in control mice ( Figure 8C ). Upregulation of VCAM-1 expression is clearly demonstrated in the LPS-treated animal ( Figure 8C and D) . Upregulation of E-selectin is also demonstrated in the conjunctiva of the eye (Figure 8E and F) . In this case, mice were first injected intravenously with Cy5.5-conjugated anti-Eselectin antibody (Day 0). Twenty-four hours later (Day 1), the mice were imaged, and constitutive Eselectin expression was observed in the conjunctiva. LPS was then administered systemically to the same animals, together with IR-conjugated anti-E-selectin mAb, and on Day 2, the animals were imaged again using both fluorescence channels. As it is clearly demonstrated in Figure 8 , E-selectin is expressed constitutively in the conjunctival vessels, but its expression is significantly increased after administration of the inflammatory agent, LPS ( Figure 8E and F).
Discussion and Conclusions
Leukocyte -endothelial interactions are dependent on molecular signals displayed on the EC surfaces. As the immune response is a dynamic process, the molecular signals are expressed in a spatially as well as temporally specific manner [37] . Traditional methods such as immunohistochemistry require tissue extraction/processing and provide only snapshots of endothelial expression at single time points. In addition, immunohistochemical methods yield little three-dimensional information because tissue is cut into thin sections. Intravital microscopy has proved to be a powerful method for visualizing leukocyte trafficking in vivo and has led to a wealth of new understanding on how circulating cells home to different tissue sites under normal and diseased conditions. However, endothelial molecular expression is usually not directly visualized in these studies. Instead, the contributions of specific cell adhesion molecules to the leukocyte -endothelial interaction are determined indirectly by comparing the leukocyte trafficking patterns before and after treatment with an interfering antibody or peptide directed against the adhesion molecules [18 -20] , or by comparing wild-type and knockout animals [38] . Although these functional studies are essential, they do not reveal the detailed spatial distribution of the molecules under investigation. Newer methods image molecular expression in vivo by labeling endothelial cell markers with immunoconjugates of magnetic resonance [39, 40] , ultrasound [41] , or radionuclide contrast agents [33, 42] , but these methods lack the spatial resolution to visualize single cells and small blood vessels.
Here we demonstrate that the temporal and spatial relationships of vascular endothelium molecular expression can be visualized directly using the method of in vivo immunofluorescence microscopy. Through optical sectioning, this method provides three-dimensional information on the architecture of the vasculature, and because it is noninvasive in nature, the same animals can be imaged repeatedly to yield temporal data. Endothelial cell surface molecules are labeled with fluorescent antibodies injected into the circulation, and the vasculature of the skin or the eye can be imaged noninvasively in live animals over time. Other vascular beds, as in bone marrow [36] , can be imaged with minimum tissue manipulation. We have used primary antibody concentrations of 0.5 -1.0 mg/kg, which does not appear to be saturating because the fluorescence signal increases with increasing antibody dosage (data not shown). In addition, we have shown in another work [36] that leukemic and progenitor/stem cell homing and engraftment to bone marrow vasculature are not affected by the presence of antibodies against E-selectin and SDF-1 at similar concentrations, indicating minimal perturbation to cell function. Falati et al. [26] demonstrated the formation of thrombii in the presence of primary antibody concentrations nearly 10 times higher than used in the current work.
The use of optical sectioning techniques such as confocal or multiphoton microscopy greatly enhances the capacity to detect the weak immunofluorescence signal amid the stronger tissue autofluorescence background. Imaging depth is limited by tissue scattering to about 150 mm in the skin, but this depth is sufficient for visualizing most of the vascular structures in the mouse skin as well as the marrow of the flat bone of the skull. In addition, the fast image-acquisition speed (up to video rate at 30 frames per second) allows us to image moving targets such as rolling leukocytes as in standard intravital microscopy [43] . For stationary targets, such as endothelial cells, the imaging speed makes it possible to survey relatively large tissue volumes (e.g., most of the mouse ear).
Using this method, we are able to detect (1) PECAM-1 expression in the vasculature of skin, retina, and choroid; (2) E-selectin constitutive expression in the small postcapillary venules with diameters less than 50 mm in normal mouse skin and upregulation in large venules (>50 mm) in skin after LPS treatment; (3) upregulation of E-selectin in conjunctiva after LPS induction; and (4) P-selectin constitutive expression in normal mouse skin both in small (<50 mm) and larger (>50 mm) venules.
Our results agree with the finding that E-selectin is expressed in the skin of the mouse under normal, noninflammatory conditions. In addition, in vivo immunufluorescence confocal microscopy revealed that E-selectin in skin is expressed in venules of varying sizes in the quiescent and induced states, with constitutively expressed E-selectin restricted to small postcapillary venules. The data presented here are consistent with the argument that E-selectin expression in the skin may be specifically designed to enable memory T cells expressing cutaneous lymphocyte antigen (CLA) to roll slowly and perform immune surveillance [44] . Pselectin expression in normal skin is also restricted to the venules, but in contrast to E-selectin is found in both small and large venules. The pattern of EC molecular expression controls the nature of an immune response at a given site [45 -47] . Antibody blocking studies using in vivo fluorescence microscopy may be used to dissect these relationships.
In summary, this article demonstrates the use of in vivo immunofluorescence microscopy to directly characterize EC surface marker expression in mouse skin and eye under normal and inflamed conditions. The major advantage of the live imaging approach is that (1) spatial and temporal relationships in the expression of individual cell markers can be determined using multichannel imaging; (2) as a result, the three dimensional architecture of the vasculature can be discerned, and specific cell populations can be dynamically followed; and (3) individual experimental animals can be imaged repetitively over several days or weeks to follow the time course of disease progression or response to therapy. This method will be particularly useful for studying processes such as inflammation, angiogenesis, atherogenesis, and diabetic retinopathy, which are closely associated with EC activation, proliferation, or dysfunction.
